The synthesis of thienyl-substituted pyrrole azo dyes and their UV-visible, solvatochromic and electrochemical properties are described. In agreement with the solvatochromic data and also with the electrochemical study the new donor-acceptor systems synthesized could have applications in NLO.
Introduction
The design and synthesis of organic chromophores as nonlinear optical (NLO) materials have attracted much attention in recent years. They have great potential especially for use in optical communication, information processing, frequency doubling and integrated optics [1] . Use of conjugated thiophene and pyrrole derivatives as donors combined with substituted acceptor groups are promising candidates among such D-A systems due to their numerous applications [2] . A renewed interest in aryl(heteroaryl)-azo dyes has been sparked by efforts to find organic secondorder non-linear optical (NLO) materials suitable for applications such as harmonic generation and optical switching. Azo dyes have particular interest because they can be readily prepared with a wide range of donor and acceptor groups and also because the planarity of the azo bridge versus the nonplanarity of stilbenes or other systems should contribute to the larger π electron transmission effects and lead to higher optical activity [3] [4] . As part of our continuing interest in non-linear optical material [5] [6] [7] [8] [9] [10] [11] , we report in this paper the synthesis the solvatochromic and the electrochemical studies of new 1-alkyl(aryl)-2-(2´-thienyl)-5-phenylazopyrrole derivatives 1-2 which have the para NO 2 and the ortho-para NO 2 groups as the electron-withdrawing groups on the phenylazo moiety and the conjugated 1-alkyl(aryl)-2-(2´-thienyl)pyrrole, as strong π-electron donor moieties.
Results and discussion
Synthesis. Recently we have reported the synthesis of thienylpyrroles 3 through a combination of the Friedel-Crafts and the Lawesson reactions [11] . Compounds 3 have proved to be versatile substrates in azo coupling reactions, allowing the preparation of several new donor-acceptor substituted thienylpyrroles. The coupling reaction of aryldiazonium salts 4a-b, with thienylpyrroles 3a-h, in acetonitrile/acetic acid for 2h at 0 ºC, give rise to the formation of 5-phenylazopyrrole derivatives 1a-h and 2d. Diazo coupling was made selectively at the 5-position of pyrrole ring to give compounds 1-2 in moderate to excelent yields (31-90%), (Scheme 1, Table 1 ). These results are in accordance with the greater nucleophilicity of the pyrrole ring versus the thiophene ring as it has been shown earlier in the case of formylation of thienylpyrroles [12] . The structures of the thienylpyrrole azo dyes 1-2 were unambiguously confirmed by their analytical and spectral data. UV-visible study. Electronic absorption spectra of all push-pull compounds 1a-h and 2d show an intense lowest energy charge-transfer absorption band in the UV-visible region. The position of this band is strongly influenced by the structure of the compounds, for example by the type of substitution pattern in the donor and the acceptor moieties. Dramatic differences in energy occur upon arylazo substitution of thienylpyrroles 3. For example, pyrrole 3d (λ max = 290.0 nm) is shifted 241.0 nm upon arylazo substitution (thienylpyrrole azo dye 2d, λ max = 531.0 nm) ( ). In general, the stronger the donor and/or acceptor group, the smaller the energy difference between ground and excited states, and the longer the wavelength of absorption [14] . According to Zyss [1] the increase of the β values characteristic of the NLO effects is accompanied by an increase of the λ max in the UV-visible spectra, i.e. a decrease in the intramolecular charge transfer (ICT) values. Solvatochromic study. To evaluate the intermolecular forces between the solvents and the solute molecules and in order to determine the best indicator dye, we made a preliminary study of the absorption spectra of compounds in selected solvents of different solvatation character (diethyl ether, ethanol and DMSO). We found that compound 1d shows the longest shift in wavenumber maxima (∆υ max = 801 cm -1 ), probably due to the higher planarity of this conjugated system compared with 1e and 2d. Therefore, 1d was submitted to a full solvatochromic study involving 14 solvents (Table 2 ). The highest energy transitions are found with nonpolar solvents such as hexane and cyclohexane.
More polar solvents such as DMSO resulted in lower energy transitions. This behavior has been defined as a positive solvatochromic response (∆υ = +2088 cm -1 for 1d) that is related to a greater stabilization of the excited state relative to the ground state with increasing polarity of the solvent. Because of the pronounced solvatochromism, the good correlation with π* values for the 14 solvents investigated (r = 0.8450) and the long wavelength absorption in the visible range, 1d seemed to be a very appropriate solvent polarity indicating dye. The change in dipole moment on electronic excitation was shown to be oriented parallel to the transition dipole and is moreover constant over the whole charge transfer band. Noteworthy is the behavior of compound 1d in chlorinated solvents such as chloroform and dichloromethane which display the lowest energy transitions. Similar behavior has been observed for donor-acceptor substituted oligothiophenes where the trend was rationalized as a consequence of an intramolecular charge transfer [7, 14] . The great number of aliphatic and dipolar aprotic solvents was chosen to determine the correlation behavior of υ max (1d) and π* because specific interactions were not expected. In fact a good correlation between absorption wavenumbers of 1d and π* values (r = 0.9750) of the corresponding solvents was obtained ( Table 2 ).
Electrochemical study. To get as deeper insight into the ground state properties and more specifically the mutual donor-acceptor electronic influence, we studied the redox properties of pyrroles 3 and pyrrole azo dyes 1-2 by cyclic voltammetry and the results are presented in Table 3 . Upon diazo coupling, the thienylpyrrole azo dyes 1-2 display oxidations at more positive potentials as a consequence of the destabilizing effect of the electron-withdrawing group on the phenylazo moiety. For example thienylpyrrole azo dye 2d displays an oxidation at 1 E pa = 0.68 V, an anodic shift of 0.20 V with respect to the unsubstituted thienylpyrrole 3d. An cathodic shift of oxidation peak potentials was observed with the increased of the donating capacity of the substituent group on the nitrogen atom of the pyrrole ring of thienylpyrrole precursors 3 and on the diazo dyes 1-2. The pyrroles azo dyes 1-2 exhibit four redox processes, two oxidation and two reductions. In the anodic scan, the first of these processes is associated with the irreversible oxidation of the pyrrole moiety. These results are consistent with previous electrochemical studies of other pyrrole and thiophene derivatives [2] , [16] [17] . The second anodic feature is assigned to the irreversible oxidation of the azobenzene moiety [16] . Variation of the peak potential for oxidation of the pyrrole moiety reflect the magnitude of the electronic influence exerted upon the pyrrole ring system by the terminal electrodrawing substituent of the azoaryl group, e.g. azopyrrole 1d display a first oxidation at 1 E pa = 0.62 V and azopyrrole 2d display an oxidation at 1 E pa = 0.68 V. Cyclic voltammetry for all the compounds 1-2 shows a reversible reduction attributed to the azobenzene moieties [16] . The cathodic regime in the voltammetry of the pyrroles azo dyes, 1-2, studied revealed two reversible couples. These correspond to the one electron reduction of the nitro ( 1 E 1/2 ) and azobenzene moieties ( 2 E 1/2 ), respectively. Communication between the electron donating and accepting termini can be evaluated by comparing the E 1/2 values. A less negative half potential, suggests that the azobenzene unit is more facile to reduction (e.g. more electron rich). The extent of this interaction is dependent on the substituent group at the nitrogen atom on the pyrrole ring. For example, azopyrrole 1a display a second reduction at 2 E 1/2 = -1.70 V and azopyrrole 1d display a reduction at 2 E 1/2 = -1.83 V. These data are in line with the conclusion of the UV-visible study, which showed a lowering of the HOMO-LUMO gap with the increase of strength of the acceptor group in the arylazo moiety and with the substitution of an alkyl group for an aryl group on the nitrogen of the pyrrole ring.
Conclusions
In summary, we have achieved the first synthesis of a series of thienyl-substituted pyrrole azo dyes 1-2 in moderate to excellent yields. By comparing the several derivatives synthesized, it can be seen that the withdrawing group on the phenylazo moiety and the type of substituent on the nitrogen atom of the pyrrole ring have significant influence on the solvatochromic and the electrochemical properties. These derivatives exhibit dramatic changes in both their electronic and redox properties in comparison to the unsubstituted thienyl-pyrroles 3. To our knowledge, these are among the 106 Advanced Materials Forum III lowest band-gap materials based on thienylpyrrole derivatives. In agreement with the solvatochromic and the electrochemical studies of push-pull derivatives 1-2 and also with previous findings [2] [3] [4] the new compounds prepared, can find application for manufacturing new materials with strong non-linear optical properties. 4 ] as base electrolyte at a carbon working electrode with a scan rate of 0.1 V s -1 . Ferrocene was added as an internal standart at the end of each measurement, and all E values are quoted in volts versus the ferrocinium/ferrocene-couple.
